Achieving US state and municipal benchmarks to end the HIV epidemic and promote health equity requires access to comprehensive HIV care. However, this care may not be geographically accessible for all people living with HIV (PLHIV). We estimated county-level drive time and suboptimal geographic accessibility to HIV care across the contiguous US, assessing regional and urban-rural differences. We integrated publicly available data from four federal databases to identify and geocode sites providing comprehensive HIV care in 2015, defined as the co-located provision of core HIV medical care and support services. Leveraging street network, US Census and HIV surveillance data (2014), we used geographic analysis to estimate the fastest oneway drive time between the population-weighted county centroid and the nearest site providing HIV care for counties reporting at least five diagnosed HIV cases. We summarized HIV care sites, county-level drive time, population-weighted drive time and suboptimal geographic accessibility to HIV care, by US region and county rurality (2013). Geographic accessibility to HIV care was suboptimal if drive time was >30 min, a common threshold for primary care accessibility in the general US population. Tests of statistical significance were not performed, since the analysis is population-based. We identified 671 HIV care sites across the US, with 95% in urban counties. Nationwide, the median county-level drive time to HIV care is 69 min (interquartile range (IQR) 66 min). The median county-level drive time to HIV care for rural counties (90 min, IQR 61) is over twice that of urban counties (40 min, IQR 48), with the greatest urban-rural differences in the West. Nationally, populationweighted drive time, an approximation of individual-level drive time, is over five times longer in rural counties than in urban counties. Geographic access to HIV care is suboptimal for over 170,000 people diagnosed with HIV (19%), with over half of these individuals from the South and disproportionately the rural South. Nationally, approximately 80,000 (9%) drive over an hour to receive HIV care. Suboptimal geographic accessibility to HIV care is an important structural barrier in the US, particularly for rural residents living with HIV in the South and West. Targeted policies and interventions to address this challenge should become a priority.
| INTRODUCTION
Many United States (US) municipalities and states are implementing strategic plans to end HIV as an epidemic [1] . In addition to meeting benchmarks such as percent virally suppressed and number of new cases, these plans typically promote improved health equity for people living with or at risk for HIV. Achieving these goals requires access to and use of comprehensive, coordinated HIV care (henceforth, HIV care) for all populations. Receipt of HIV care is associated with higher retention in care and improved viral suppression [2] , which are critical for improved quality and length of life and for preventing HIV transmission [3] . However, these outcomes may be limited by inadequate geographic access to HIV care: mounting evidence suggests that people living with HIV (PLHIV) who travel longer to receive care are less likely to be linked to care and achieve viral suppression [4, 5] .
While national efforts seek to improve access to HIV care for all PLHIV [6] , nationwide estimates for geographic access to HIV care have not been reported. Furthermore, the extent to which geographic access to HIV care may be lower for PLHIV in rural versus urban areas is unknown. This urban-rural disparity is an area of particular relevance given a growing rural and suburban population of PLHIV [7] [8] [9] but historical allocation of federal HIV prevention funds and Ryan White HIV/AIDS programme resources to urban centres [10, 11] .
Evidence is also limited on whether urban-rural patterns of geographic access to HIV care persist across regions, given variation in disease burden; health care infrastructure; and state policies, resources and geography. In this context, we estimated county-level drive time and suboptimal geographic accessibility to HIV care across the contiguous US, focusing on regional and urban-rural differences.
| METHODS
We integrated publicly available data to estimate county-level drive time to HIV care for adolescents and adults living with HIV in the 48 contiguous US states. The analytic approach involved three main analytic steps: (1) identifying HIV care service locations, (2) estimating one-way drive time between population-weighted county centroids and the nearest HIV care site for counties with at least five diagnosed HIV cases and (3) examining suboptimal geographic accessibility and urban-rural differences for each Census-designated US region (Northeast, Midwest, South, West).
| Data
Data used in this study came primarily from publicly available sources. For identifying HIV care sites, we used service addresses and grant numbers for recipients of US federal HIV care programme funding in 2015, available via: Health Resources and Services Administration (HRSA) Find Grants (https://datawarehouse.hrsa.gov/tools/findgrants.aspx), HRSA Data Portal (https://datawarehouse.hrsa.gov/tools/dataportal.a spx) and the HIV Testing Sites & Care Services Locator (https://www.hiv.gov/locator). We also included grantees of the Ryan White Part C Early Intervention Services programme (available via: Tracking Accountability in Government Grants (https://taggs.hhs.gov)), a national model for provision of comprehensive, coordinated HIV care. We leveraged information from all four databases since previous work suggests that use of a single database does not fully identify all HIV care sites [12] ; therefore, collectively, service locations of these grant recipients represent a full geographic snapshot of comprehensive, coordinated HIV care service provision nationally. To estimate drive time to HIV care, we additionally used population-weighted county centroids (https://www.census.gov, 2010), and street network data (StreetMap Premium for ArcGIS, 2017 release). County-level geographic boundary files [13] used to estimate and map drive time came embedded in the geographic analysis software. Finally, to estimate diagnosed HIV cases with suboptimal geographic access to HIV care and urban-rural differences, we used county-level reports of adults and adolescents diagnosed and living with HIV by year-end 2014 (hereafter, diagnosed HIV cases; https:// aidsvu.org, 2014) and county-level urbanicity (National Center for Health Statistics, 2013).
| Analytic approach

| Identifying HIV care sites
Using both service addresses and grant numbers, we merged data from the four federal databases to identify sites that provided HIV care in 2015. HIV care was defined as the co-located provision of both HIV core medical care (e.g. availability of providers who prescribe antiretrovirals) and support services (e.g. transportation assistance). After excluding administrative addresses (e.g. post office boxes) and removing duplicate service addresses, we confirmed provision of HIV core and support services through a manual online search of each potential HIV care site. All confirmed HIV care sites were geocoded to identify point locations using the Texas A&M University GeoServices geocoder platform (http://geoser vices.tamu.edu/) [14] . We also mapped the geocoded HIV care site locations -including 30-mile Euclidian buffers -and diagnosed HIV cases in order to understand the geographic area covered by a given HIV care site, the potential for site choice among people diagnosed with HIV in a given county, and geographic areas that are potentially underserved. We defined suboptimal geographic accessibility as county-level drive time to HIV care >30 min. This reflects a common threshold for assessing access to primary care in the US [15] , and is one of HRSA's criteria for determining health professional shortage areas [16] . We also examined a >60-min threshold, which has been used as an accessibility threshold for rural areas or specialist providers [15] . We calculated the frequency and percentage of US counties with suboptimal geographic accessibility to HIV care, nationally and by region. We also estimated the number of diagnosed HIV cases with suboptimal geographic accessibility to care, nationwide as well as by region and rurality, by summing county-level diagnosed HIV cases for counties identified as having suboptimal geographic accessibility to HIV care [17] . We examined urban-rural differences for HIV care site locations, county-level drive time, and suboptimal geographic accessibility, nationally and by region. Urban counties were defined as those in metropolitan statistical areas with urban clusters of at least 50,000 population; rural counties comprised all non-metropolitan counties (adapted from National Center for Health Statistics, 2013) [18] . Lastly, we calculated county-level drive times weighted by the number of diagnosed HIV cases in each county. These population-weighted average drive times provide an approximation of the average individual-level drive time when aggregated across states, regions or rurality; while county-level drive time captures geographic accessibility and remains unchanged for a given county, population-weighted drive times account for differing numbers of HIV cases across counties and can be used to make further comparisons across geographic units of analysis. Variation in population-weighted drive time was quantified using population-weighted standard deviations.
Data were summarized in Stata 14.2 and mapped using ArcMap 10.5.1. Tests of statistical significance were not performed because the analysis is population-based.
| RESULTS
| HIV care sites
We identified 671 HIV care sites (Northeast: 30%; South: 34%; Midwest: 18%; and West: 18%). Nationally, 95% of HIV care sites are in urban counties, ranging from 91% in the South to 97% in the West, Midwest and Northeast regions. HIV care sites are geographically concentrated in areas with relatively high numbers of diagnosed HIV cases in the Northeast, as well as in select states in the West (e.g. California) and South (e.g. North Carolina), with all US regions having counties beyond the 30-mile catchments of identified HIV care sites (Figure 1 ).
| County-level drive time to HIV care
Among counties with at least five diagnosed HIV cases, the median county-level drive time between each populationweighted centroid and the nearest HIV care site is 69 min (IQR 66 min) ( Table 1) . County-level drive time varies by region, with the shortest county-level drive time in the Northeast (median 40 min, IQR 48) and the highest in the Midwest (median 81 min, IQR 67). Nationally, median county-level drive time for rural counties (90 min, IQR 61) is over twice that of urban counties (40 min, IQR 48), with the largest urban-rural difference in the West where median county-level drive time for rural counties (136 min, IQR 113) is over triple that for urban counties (42 min, IQR 60). Within nearly every state, the median travel time was higher in rural counties compared with urban counties, although there was substantial variation between states in overall median drive time and in the size of urban-rural differences.
| Diagnosed HIV cases with suboptimal geographic accessibility to care
Geographic accessibility to HIV care is suboptimal for 1995 (82%) of US counties and 171,569 (19%) of people living with diagnosed HIV (Figure 2 ). Most of the diagnosed individuals with suboptimal geographic accessibility to HIV care live in the South (54%), followed by the West (20%), Midwest (15%) and Northeast (11%). Twenty-seven percent of diagnosed individuals with suboptimal geographic accessibility to HIV care live in rural US counties, although 5% of people with an HIV diagnosis live in rural counties nationally. The South has the highest percentage of diagnosed cases with suboptimal geographic accessibility in rural counties of any region (32%), with nearly two-thirds of individuals with suboptimal geographic access to HIV care from rural Southern counties (Table 2 ). When using a higher threshold for suboptimal geographic accessibility (60 min vs. 30 min drive time), the number of diagnosed HIV cases with suboptimal geographic access to HIV care decreases to 82,377 (or nearly 1 in 10 living with diagnosed HIV). Regional differences in suboptimal geographic accessibility to HIV care decrease: 50% of individuals with suboptimal geographic accessibility to HIV care live in the South, followed by the West (28%), Midwest (16%) and Northeast (6%). Urban-rural differences also decrease, with 39% of individuals with suboptimal geographic accessibility to HIV care living in rural counties, most of whom live in the South (62%).
| Population-weighted drive time to HIV care
The population-weighted drive time, or the county-level drive time weighted by the number of diagnosed HIV cases in each county, is over five times longer in rural counties (82 min) than in urban counties (16 min) ( Table 1) . Urban-rural differences in population-weighted drive time vary by region, ranging from a fourfold difference in the South to an over eightfold difference in the Northeast. Similarly, state-level differences are wide, with urban-rural differences in populationweighted drive time to care as small as 0.9 times in Connecticut (Northeast region) to nearly 41 times in Nevada (West).
| DISCUSSION
This is the first effort to quantify geographic accessibility to HIV care across the contiguous US and examine differences by region for rural versus urban residence. Nationally, nearly 1 in 5 Americans diagnosed with HIV reside in a county with suboptimal geographic accessibility to HIV care, travelling more than 30 min to access care. All US regions have residents for whom geographic access to HIV care is suboptimal. Over half of individuals with suboptimal geographic accessibility to HIV care live in the South -and, disproportionately, the rural South -yet the greatest urban-rural differences in drive time are in the West.
Geographic access to care differs markedly across US regions, and each region may require unique solutions. For example, in the South, a region with a growing HIV burden, particularly in rural areas [19] , both urban and rural residents living with HIV identify transportation as a significant barrier to care, contributing to missed medical visits and antiretroviral therapy doses [20] . This region has the largest share of diagnosed HIV cases for which geographic access to care is suboptimal, so alternative solutions (e.g. mobile HIV clinics) that reduce transportation challenges could be useful. Residents of other regions confront suboptimal geographic accessibility to HIV care as well. The highest county-level drive time to care is in the Midwest; urban-rural differences in countylevel drive time are most striking in the West, where the median county-level drive time for rural residents is over two hours, compared to approximately 40 min for those who live in urban counties. Here, telemedicine and telehealth collaborations between specialists and primary care providers may help address suboptimal geographic accessibility to HIV care. These models have shown promise for rural veterans with HIV [21] and expanded access to specialists for individuals with complex, chronic diseases [22] . HIV care through federally qualified health centres -publicly-funded community clinics offering primary and preventive health care to low-income populations -also has the potential to address geographic barriers to care [12] . While more research is needed prior to widespread implementation of any solution, the consistent finding of limited geographic accessibility in rural areas across all US regions highlights the need to reconsider patterns of HIV prevention and treatment funding that historically have allocated funds almost exclusively to urban areas.
Findings from this analysis build on an emerging literature examining geographic access to care for PLHIV in the US. Evidence from two major urban centres in the US suggests that PLHIV travel an average of 4.4 miles to their HIV care provider in Philadelphia [23] , while median commute time to HIV care is 22 min among men who have sex with men in Atlanta [24] . County-level estimates of drive time to HIV care from . Every US region contains counties with suboptimal geographic access to HIV care. Relative to other regions, the South is characterized by a large and widespread number of counties that have a higher HIV case burden with suboptimal geographic accessibility to HIV care. For a 30-min geographic accessibility threshold, an estimated 171,569 (or nearly 1 in 5) Americans living with an HIV diagnosis have suboptimal geographic access to HIV care. Of these, over half (54%) are in the South, followed by the West (20%), Midwest (15%) and Northeast (11%). For a 60-min geographic accessibility threshold, an estimated 82,377 Americans living with an HIV diagnosis have suboptimal geographic access to HIV care. Of these, approximately half are in the South, followed by the West (28%), Midwest (16%) and Northeast (6%). HIV care, comprehensive, coordinated HIV care; US, United States. urban counties, in the current analysis as well as in previous work focused on the US South [12] , are much greater. This difference may be due to the fact that we estimated drive time at the county level rather than at the individual level. However, these differences are more likely because the current work captures drive times to HIV care for many urban communities, including those that are in less densely populated metropolitan areas, instead of for single super-urban cities that may not generalize to all urban locales in the US. This work corroborates notable urban-rural disparities in geographic accessibility to HIV care: rural veterans living with HIV may need to travel much longer to reach primary or specialty HIV care compared to urban veterans living with HIV [25] . Such urban-rural differences in geographic accessibility to HIV care may influence care engagement among PLHIV in urban versus rural US communities [26] . Furthermore, while evidence is not available on the relationship between geographic accessibility to care and HIV outcomes to our knowledge, longer travel times or distances to care have been associated with worse health outcomes for other complex, chronic diseases [27, 28] , suggesting that suboptimal geographic accessibility could contribute to urban-rural disparities in HIV health outcomes.
These findings describe geographic accessibility of HIV care at a single point in time within the rapidly evolving US healthcare and policy environment. US federal discretionary spending for Ryan White programmes, a key source of comprehensive, coordinated HIV care, has remained relatively flat in recent years [10, 29] , while the total number of HIV cases has increased [9] . These trends have likely reduced per capita spending for HIV, limited HIV care service availability, and decreased the number of facilities providing comprehensive, coordinated HIV care. Meanwhile, ongoing debate over the Affordable Care Act leaves the availability of comprehensive insurance coverage and Medicaid expansion uncertain, potentially limiting the ability of PLHIV to access care in local networks. Yet improving geographic accessibility of care remains a current national priority. In January 2019, the Department of Veterans Affairs, which provides care to over 30,000 veterans living with HIV [30] , proposed new standards for access to care which would allow veterans who drive more than 30 min to reach primary care or 60 min to reach specialty care to seek care at private facilities [31] . Ultimately, while the drive times reported in this study may not precisely reflect the current context, they provide important evidence using a recent snapshot of HIV care availability.
This analysis has limitations. First, drive time to HIV care may be underestimated for individuals in some urban counties as we were unable to account for public transportation options due to inconsistent data availability, thereby potentially overestimating some urban-rural differences. We also did not have individual-level data for the residences of people diagnosed with HIV, and therefore used population-weighted county centroids in place of individuals' residences. This use of a single origin point masks individual variation in drive time, although for different geographic units of analysis, variation in individual-level drive time can be approximated by populationweighted drive time estimates. Second, HIV care sites in our sample do not include sites providing comprehensive, coordinated HIV care that do not receive federal funding. However, the large percentage of PLHIV who have lower incomes and may rely on federally funded programmes to support care delivery [32] suggests that the sample used in the current analysis adequately captures sites providing comprehensive, coordinated HIV care in the US. Further, although our analysis does not include sites primarily serving veterans, our results complement existing literature suggesting that rural veterans living with HIV generally have longer drive times to primary and infectious disease specialty care delivered by the Department of Veterans Affairs [25] . Third, while we selected a 30-min threshold for comparability to existing primary care thresholds, we acknowledge that there is no universally accepted threshold for suboptimal geographic accessibility in the US, and that geographic accessibility thresholds appropriate for the US may not apply in other settings with different resources, health care systems and geographies. Fourth, our estimates of drive time assume that individuals visit the closest HIV care site and can use a personal vehicle, and they do not account for other care availability characteristics or overlapping service catchment areas. Future research should expand upon our initial inquiry as more detailed and widely available provider-level data become available, and should use alternative spatial accessibility approaches that capture provider availability and accessibility, as well as demand for HIV services, in a single metric. Fifth, we were unable to estimate drive time using a smaller unit of geographic analysis (e.g. ZIP code tabulation area) due to limited and inconsistent data availability on diagnosed HIV cases at a smaller geographic unit. Finally, the number with suboptimal geographic access to HIV care, particularly in rural counties, may be underestimated since cases are reported only for counties with at least five diagnosed HIV cases.
| CONCLUSIONS
In summary, we find that suboptimal geographic access to HIV care is a critical structural barrier in the US, particularly for those living in rural communities in the South and West. While the path to eliminating HIV in the US is within reach [33] , doing so will require continuous access to and utilization of comprehensive HIV care, which is vital for achieving and maintaining viral suppression. With nearly half of PLHIV not virally suppressed [34] , making progress towards national goals that will end the epidemic and improve health equity remains a national priority. Our findings demonstrate room for improvement in one measure of access to HIV care, geographic accessibility.
